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) Mass flowmeter.

@ A straight tube mass flowmeter includes upstream and downstream transducers (18, 20) arranged such that
phase difference between vibration occurring at the positions of their placement may be measured. By virtue of
Coriolis effects which occur when a fluid flows in the tube (6), this phase difference is a function of mass flow
within the tube (6). Unfortunately the function is non-linear and sometimes has a fold back characteristic with the
result that massflow cannot be uniquely determined. In an improved straight tube mass flowmeter in accordance
with the present invention, the tube is vibrated at resonance and the resonant frequency measured. By taking the
ratio of phase difference to resonant frequency, an output more conveniently related to massfiow is provided,
this output being a substantially linear function of mass flow.
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MASS FLOWMETER

The present invention relates to a meter for measuring the mass flow rate of a fiuid.

More particularly the present invention concerns a mass flowmeter wherein the sensmg means is a
vibrating straight tube through which the fluid to be measured flows.

A first type of mass flowmeter consists in a flowmeter combined with a density meter. The information
delivered by these two separate meters is processed in order to furnish a mass flow indication. Such
flowmeters include parts by wehich are located across the flowline such as turbines and as a result this first
type of mass flowmeter is not adapted to the measurement of fluids including solid contaminents, sludge or
similar materials. ,

A second type of mass flowmeter includes a non-straight fube, for example a-'U’ tube through which the
fiuid to be metered flows. Such mass flowmeters are based on the Coriolis force which is developed in the
fluid due to the U shape of the tube. The main drawback of this second type of flowmeter that if the fluid is
abrasive the tube is very sensitive to erosion. It also exhibits a high pressure drop and pour reliability.

In order to overcome these drawbacks the European patent application number 84 200 115 filed on
30th January 1984 describes a mass flowmeter wherein the sensing means is a straight vibrating tube
assembly clamped at two ends. The fiuid to be measured flows through this tube. The phase difference
which occurs between the upstream and downstream parts of the vibrating tube assembly is measured.
This phase difference is representative of the mass flow of the fluid.

Such a mass flowmeter theoretically can be used for monitoring a multi-phase flow even if this fluid
includes abrasive material such as sand, or gas phases.

Unfortunately if appears that the phase difference does not vary lineariy with the mass flow of the fluid
to be measured. In fact it hs been found that in some configurations such a mass flowmeter exhibits a
foldback characteristic, such that there is ambituity at some outputs, which serves {o restrict the range of
operation in most applications. - -

An object of the present invention is to provide a mass flowmeter of the straight vibrating tube type
which actually performs a linear relationship between the measured values and the mass flow of the fluid.

Another object of the invention is fo provide a mass flowmeter of the above type wherein the signal to
noise ratio is improved.

Still another object of the invention is to provide a mass flowmeter of the above type having an
increased sensitivity.

According to the present invention the mass flowmeter comprises a straight tube through which the fluid
to be metered flows, means for clamping the two ends of said tube, exciting means for vibrating said tube
at a resonance frequency, first and second pick-up means io detect the vibrations of the tube at an
upstream place and at a downstream place, and processing means or calculating the phase difference
between the signals delivered by said two pick-up means, and it is characterised in that said processing
means further comprises means for measuring the resonance frequency of the tube wherein said fluid
flows, and means for providing a value proportional to the ratio between said measured phase difference
and said resonance frequency, whereby a linear relationship exists between said processed value and the
mass flow of the fluid to be metered.

These and other objects and features of the present invention will be more readily apparent from the
following detailed description, wherein reference is made to the accompanying drawings in which:

Figure 1 is a representation of a first embodiment of the mass flowmeter according to the invention;

Figure 2 shows a preferred embodiment of the drive means for vibrating the tube of the mass
flowmeter, '

Figure 3 represents a diagram showing the relationship between the valves of the ration A (ration of
the phase difference to resonant frequency) and the mass flow rate M for difference liquid densities; and

Figure 4 is a representation of a second embodiment of the mass flowmeter according to the present
invention.

Before describing in detail the preferred embodiments of the invention the principle of the invention will
be explained. It is well known that in a vibrating tube which is clamped at its two ends, the passage of fluid

produces a phase difference between the transverse displacements of the upstream end of the tube and its -

downstream end. This phase difference is due to the fact that between two nodal sections of the tube, the
Coriolis force decreases the apparent tube stiffness over the first half of this portion of the tube and
increases the apparent stiffness in the second half of this tube portion.
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Experiments conducted by the applicant have revealed that the mass flow rate of the fluid passed
through the tube is a linear function the ratic A of the phase difference to the resonant frequency of the
tube.

The coefficients of this linear relationship are independant of the type and the flow rate of the fluid. The
mass flowmeter according to the invention is based on this particular relationship.

Figure 1, shows a general representation of a first embodiment of the mass flowmeter according to the
invention. The meter comprises sensing means 2 and processing means 4 for processmg the signals
delivered by the sensing means 2.

Considering firstly the sensing means 2, they comprise a straight vibrating tube 6. The tube 8 is
substantially cylindrical in shape and its two ends 8 and 10 are opened. Preferably the tube 10 is made of a
ferromagnetic material so as to be able to interact directly with a magnetic drive assembly which will be
described hereinafter. Alternatively a piezo-slectric drive system may be employed. Moreover preferably
this material has a low coefficient of thermal expansion.

The two tube ends 8 and 10 are secured to clamping rings 12 and 14. The clamping rings 12 and 14
are heavy enough so that the two tube ends remain motioniess when the tube 6 vibrates frequencies. As a
result the tube 6 acts as if if where clamped at its two ends 8 and 10. The fluid to be measured, flows
through the tube 6.

In order to permit the connection of the tube 6 with the main line through which the fluid flows, the ends
8 and 10 of the fube are sealingiy connected to cylindrical bellows 3 and 5, and the bellows 3 and 5 are
respectively connected to flanges 7 and 9. The flanges 7 and 9 are adapted to be connected to the main
line by convenient means. The bellows perform two functions: they can absorb the thermal fength
expansion of the tube 6 and the external pipes of the line; and they void the noise of the main line to be
transmitted to the tube 6. The fluid to be measured flows through the tube 6.

The sensing means 2 further comprises driving means 18 for vibrating the tube 8 and pick-up means
18 and 20 for detecting the vibrations of tube 6. Preferably the present embodiment the tube 6 is vibrated
corresponding to odd vibration modes that is fundamental (mode 1), second overtone (mode 3), fouth
overtone (mode 5) etc., the mode number being the number of half wavelengths between the clamped
ends.

The axis of the driving means is a diametrical line of the tube 6 located halfway between the ends 8
and 10 of the tube. The two pick-up means 18 and 20 are placed symmetrically with respect to-the drive
means 16. Furthermore the axes of the two pick-up means 18 and 20 are located in a common half
diametrical plane of the tube. The purpose of these two pick-up means is to detect the displacements of the
vibrating tube at the points where they are placed.

Figure 2 shows a preferred embodiment of the driving means 16. It comprises a motionless permanent
magnet 30. The axis xx of the magnet 30 is normal to the wall of the tube 6. An electric coil 32 is wound
about the magnet 30. A small gap 34 (eg 0.1mm) is provided between the magnet 30 and the tube wall 6.
When an alternating voltage is applied to the coil terminals, an aiternating magnetic field is created within
the gap 34. As a result the ferromagnetic tube is submitted to an alternating magnetic field which produces
the vibrations of the tube 6 at a frequency corresponding to the frequency of the alternative current. It is to
be noted that no part of the drive means 16 are fixed to the tube. As a result, the properties of the tube 6
are not disturbed and there is no problem of bonding or welding.

The same device can be used as pick-up means. The coil 32 is supplied with a direct voltage.
Variations of the gap 34 which are due to the vibration of the tube produce a moduiation of the direct
voltage. The modulation frequency is equal to the tube vibration frequency.

Considering now the processing unit 4, it essentially comprises a maintaining circuit 40 for maintaining
the tube vibration frequency in resonance, a phase difference meter 42 to measure the phase difference
between the signals supplied by the pick-up means 18 and 20, and a calculating unit 44 for calculating the
mass flow rate.

The maintaining circuit 40 has a first output 40b which is connected to the driving means 16 and an
input 40a connected to the pick-up mean 18. Maintaining circuits for maintaining the vibration of a vibrating
member at a resonant frequency are well known, they essentially comprise an amplifier which receives on
its input the signal delivered by the pick-up 18. The signal appearing at the output of the amplifier is applied
to the drive means 16. The ampiifier is designed to introduce the appropriate phase shift between the pick-
up signal and the drive signal in order to sustain the vibration frequency. Thus the tube 6 vibrates at a
resonant frequency of the tube containing the fluid. The second output 40c of the maintaining circuit 40
supplies a signal having a frequency equal to that of the tube resonant vibrations.
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Considering now the phase difference meter 42, this meter comprises a first input 42a connected via
lead 46 to the first pick-up 18, a second input 42b connected via lead 48 to the output 40c of the
maintaining circuit 40, and a third input 42c connected via lead 50 to the second pick-up 20. The phase
difference meter 42 performs two functions. In a first step the signals applied to its inputs 42a and 42¢ are
filtered by two narrow pass band filters having a center frequency which is controlled by the signal
delivered by the maintaining circuit 40. In other words, the signal supplied by the pick-up 18 and 20 are
filtered by filters having a center frequency which is equal fo that frequency. In a second step the phase
difference of the two filtered signals is measured and the phase difference value is supplied at the output
42d of the meter 42.

It is to be noted that the pick-up 18 is used for supplying the maintaining circuit 40 with an information
representative of the vibration frequency of the tube. It is also used for supplying the phase difference
meter with one of the two signals which define the phase difference. Alternatively separate drive and pick-
up sensors may be used.

Turning now to the calculating circuit 44, this circuit receives a first input 44a which is connected via
lead 52 to the output 42d of the meter 42 and a second input 44b which is connected via lead 54 to the
output 40c of the circuit 40. As a result the calculating circuit 44 recevies the phase difference value and
the tube resonant frequency value. The circuit 44 is designated to calculate the ratio A of the phase
difference W @ to the resonant frequency (F).

A= w B (1)

As previously explained, the mass flow rate M is a linear function of the ratic A.

M=aA+b(2

Wherein a and b are constants which depends neither on the nature of the fluid nor on the flow rate of the
fluid. The calcuiating circuit is adapted to calculate the value of M as a function of the previously calculated
ratio A.

In fact the constants a and b depend on the pressure of the fluid. As this dependency between the
density and the pressure is well known, the calculating means may comprise compensation means to take
into account the pressure of the fluid. .

Figure 3 shows the actual relationship between the ratio A as hereinabove defined, and the mass flow
rate M, obtained with the mass flowmeter according to the invention. The mass flowmeter has the following
features.

Young's Modulus 1.81 x 10* Nm 2
Vibrating length of the tube 0.66m 0.66
Inside radius of the tube 0,0118m 0.0118
Outside radius of the tube 0,0127m 0.0127

As indicated in Figure 3, the plotted points correspond to three fluids having different densities. This
diagram clearly shows that the linear relationship is independant of the type of the fluid and the flow rate of
the fluid. Superimposed on Figure 3 is a typical characteristic of a prior art flowmeter (30), (phase difference
plotted to an arbitary scale). This characteristic shows that readings above 600 Kg/min are ambiguous. It
will be appreciated that the present invention probides a linear response sensor having a range extending
unambiguously up to 1000 Kg/min.

Another important feature of the invention relates to the positions of the pick-up 18 and 20. According to
the invention the two pick-ups 18 and 20 should preferably be located in accordance with the following
relationship.
1=kxL :
wherein L is the length of the vibrating part of the tube, 1 the distance between the two pick-ups, and k a
coefficient approximately equal fo 0.8. It is desirable that the pick-up position does not approach the tube
ends. Furthermore this positioning has been found to be advantageous, sensitivity being a function of
position.
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Figure 4 shows a second embodiment of the mass flowmeter according to the invention. This second
embodiment is very similar to the first one. In figure 4 the parts of the meter which are common to the two
embodiments are referenced with the same numbers.

The meter of Figure 4 further includes a third and a fourth pick-up which are numbered 18 and 20
Pick-up 18 is diametrically opposed to pick-up 18, and pick-up 20’ is diametrically opposed to pick-up 20.
The outputs of pick-up 18 and 18 are connected to the two inputs of a first difference amplifier 60 and the
outputs of pick-up 20 and 20’ are connected to the two input of a second difference amplifier 62. As a result
the signal supplied by the circuit 60 or 62 has exactly the same frequency and the same-phase as the
signal supplied by pick-up 18 or 20, but the amplitude of these signals is multipiied by two. The output of
the circuit 60 is connected to the input 40a of the maintaining circuit 40 and to the input 42a of the phase
difference meter 42. Similarly the output of the circuit 62 is connected to the input 42c of the phase
difference meter 42. ) } .

In the embodiments which are hereinabove described the vibrating tube is excitated at a resonant
frequency, or more precisely at a resonant frequency of the tube filled with fiuid.

It can be more convenient to excite the tube at an other frequency corresponding for example at the
mode 3. In this case no feature of the invention is changed except the following ones.

The maintaining circuit is slightly changed to sustain the mode 3 resonant frequency. The calculating
unit is also slightly modified. The coeffients a and b of the equation (2) are to be replaced by coefficient &'
and b’ which are different.

The mode 3 excitation involves the foliowing improvements: the factor Q of the vibrating system is
substantially increased (from about 300 to about 2000) the noise is substantially decreased.

Claims

1. A mass flowmeter comprising:-

a straight tube through which the fluid to be metered flows means for establishing nodes at two ends of the
tube; exciting means for vibrating said tube at a resonant frequency; first and second pick-up means {o
detect the vibrations of the tube at an upstream place and at a downstream place, and processing means
for calculating the phase difference between the signals delivered by said first and second pick-up means,
said flowmeter being characterised in that said processing means further comprises means for measuring
the resonant frequency of the tube when said fluid flows and means for calculating the value of
predetermined linear function of the ratio of said measured phase difference to said resonant frequency
whereby said calculated value is a measurement of the mass flow rate of the fluid.

2. A mass flowmeter according to claim 1, characterised in that said two pick-up means are equally
spaced about the centre plane of the vibrating tube, and the spacing between said two pick-up means is
within the range of 80 percent of the whole vibrating length of the tube.

3. A mass flowmeter according to anyone of the preceding claims, characterised in that said pick-up
means are of the electromagnetic type, without contact with said well tube. .

4. A mass flowmeter for substantially as hereindescribed with reference to the accompanying drawings.
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